Patterned carbon nanotube assemblies with bent nanotube bundles were investigated with combined atomic force microscopy and confocal Raman imaging spectroscopy to identify conditions of carbon nanotubes in the bent state. We showed that the tangential G mode on Raman spectra systematically shifts downward upon nanotube bending as was predicted earlier. This lower frequency shift is attributed to the tensile stress, which results in the loosening of C -C bonds in the outer nanotube Carbon nanotubes (CNTs) are considered as prospective candidates in the development of CNT-based nanodevices due to a combination of their unique structural and physical properties related to electrical conductivity, chemical and thermal stability, high tensile strength, and elasticity.
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The CNT assemblies anchored to chemically modified surfaces are likely to be under different mechanical stresses caused by a combination of capillary and surface forces resulting in their stretching, twisting, and bending. [10] [11] [12] Recently, it was reported that the mechanical deformation of CNTs strongly affects their electronic properties. 13, 14 It has been demonstrated that the mechanical strain can open a band gap in a metallic CNT and modify the band gap in a semiconducting CNT. 13 Confocal Raman imaging and spectroscopy have shown that CNT structure may change along the tube axis possibly due to external stress or local defects in the tube structure. [15] [16] [17] However, very little is revealed on the related optical properties of stressed nanotubes and direct acquisition for individual CNTs and their bundles under stress conditions was not demonstrated.
The relation between the Raman spectra and the basic structure of carbon nanotubes are intensely investigated and the nature of all major adsorption bands is well understood. 18 For CNT composites, it was reported that compressive strain can induce frequency shift of Raman G modes of SWNTs/ epoxy composites subjected to bending. 19 However, these studies relied on the measurements of bulk CNT materials and their composites in which the transfer of mechanical stresses and actual shape of the stressed CNTs remain unknown to great extent. Raman studies of bulk CNT materials demonstrated frequency upshift with increasing compressive strain under hydrostatic pressure. 20, 21 In this study, we use a direct collection of Raman spectra from bent CNT bundles with precise localization of the probed area as monitored with combined atomic force microscopy (AFM), confocal Raman microscopy, and high resolution micro-Raman spectroscopy. We used the surface organized arrays of bent and looped CNTs assembled by the contact line instabilities of patterned microfluidic flow as reported in our recent paper 8 and focused on finding characteristic Raman signature for bent arrays.
The experimental procedure for the patterned nanotube assembly is described in detail elsewhere. 8, 9 Raman mapping of the surface arrays and Raman spectroscopy from selected areas were conducted with two approaches. First, we used a confocal Raman microscope CRM 200 (WITec, Germany) with 532 nm line of a Nd: Yag laser for excitation. Avalanche photodiode detector in single photon counting mode was used for fast imaging. Alternatively, custom designed combined AFM-Raman setup based on near-field scanning optical microscope Aurora-3 (Digital Instruments) was used for Raman mapping and high-resolution Raman spectroscopy from selected locations. This setup was designed to be used for concurrent acquisition of surface topography in shear-force AFM mode and Raman images in a confocal scanning mode from beneath of the flat glass substrate. Excitation light from a Nd: Yag laser (cw second harmonic, 532 nm) passes through controllable attenuator and beam expander, and after reflecting off a 50:50 beam splitter is fed into the Aurora-3 microscope. It is focused onto the sample surface by a high numerical aperture microscope objective (40ϫ / 0.65NA with a lateral resolution of Ͻ0.5 m). The signal collected from same objective passes through a notch filter and is focused on the entrance slit of imaging spectrograph SpectraPro SP-2558-W (Roper Scientific). CCD camera Spec-10: 2KB (Roper Scientific) collects the spectra at every point of the sample. High-resolution spectra (0.32 cm −1 / pixel for 1800 mm −1 grating) can be obtained for the selected surface locations.
Figure 1(a) shows an AFM image of CNT patterned assembly with dense layer of CNT bundles of 10-20 nm height formed along amine-terminated stripes. 9 The corresponding Raman G-mode image obtained by integrating the intensity of Raman spectra at 1590 cm −1 showed a close correlation with CNT pattern confirming preferential location of carbon nanotubes along the stripes [ Fig. 1(b) ]. Raman imaging clearly identifies the highly packed CNT assembly on a)
Electronic mail: vladimir@iastate.edu APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 13 patterned surface with variable intensity along the stripes reflecting dense CNT texture. 9 Raman spectra taken on this sample show typical features of carbon nanotubes with radial breathing mode near 190 cm −1 , D-mode near 1340 cm −1 , G mode near 1590 cm −1 , and GЈ mode near 2670 cm −1 . 22 The Raman combination mode near 1740 cm −1 is also observed. 23 In this study, we focus on the strong Raman G mode because the G mode is attributed to tangential C -C bond stretching mode, 18 which should be affected by the local structural changes in carbon nanotubes and can be detected even for individual bundles.
The highly bent nanotube bundles in nest-shaped assemblies prepared according to the procedure reported earlier 8, 9 were studied with combined AFM and confocal Raman imaging and spectroscopy techniques (Fig. 2) . The radius of nanotube "nest" was about 2 m and most of the nanotubes on the rim of 15-20 nm high are bent along the circumference of square-patterned areas and the straight nanotubes are concentrated in the center as confirmed by independent AFM scanning [ Figs. 2(a) and 2(b) ]. Raman mapping showed the higher intensity of the G mode line along the rim for all curled assemblies that simply reflects much higher density of nanotube packing along the rims [ Fig. 2(d) ]. However, the careful analysis of the G-line position revealed a systematic peak shift along the bent bundles with a darker color representing shift to a lower frequency [Figs. 2(c) and 2(f)]. The shift of 2 -4 cm −1 was systematically observed in the course of both independent experiments and with both medium and high-resolution modes of mapping. The shift observed was higher than natural deviations (usually within ±1 cm −1 ) observed at different surface locations of the same specimen collected under identical experimental conditions although larger deviations were observed from specimen to specimen. Moreover, this shift was accompanied by a significant ͑40% -50%͒ broadening of the G line along the rims, a clear indication of increased local defects and the larger deviations in bundle-bundle interactions within arrays of curled nanotubes [ Fig. 2(e) ]. 24 Finally, we acquired concurrent AFM and Raman images from low density CNT arrays for the direct identification of the Raman spectrum with a specific portion of a nanotube bundle [ Figs. 3(a) and 3(b) ]. With this method, each CNT bundle identified within the white-dotted area in AFM image can be clearly resolved in sequentially obtained Raman maps [compare Figs. 3(a) and 3(b) ]. Figure 3(c) shows the higher resolution Raman image of the selected curled bundle with two locations associated with straight and bent portions of the bundles. The Raman spectrum acquired from the bent portion ͑p2͒ showed the lower frequency shift as compared to the straight portion of the bundle ͑p1͒. There is also a slight shift at lower energy shoulder on the G line around 1570 cm −1 [ Fig. 3(d) ]. These changes in the Raman spectra for both curled nanotube arrays and individual bundles clearly indicate that there is a systematic shift in optical resonances brought by bent state of these nanotubes. 15, 17 Because of the nanotube bending and the corresponding shear stresses, 12 the bent nanotubes are under combined tensile stress in the outer shell and compression stress in the inner wall. Considering only bending stress, the tensile strain ͑ t ͒ on the bent carbon nanotubes at the rim of the nest assemblies discussed here can be estimated as t = r / , where r is tube radius and is radius of curvature. The estimation for r = 0.6 nm for individual carbon nanotubes with =1-2 m gives the tensile strain level of t = 0.03% -0.06%. The corresponding compression strain within the concave region of the bent nanotubes which is higher than the critical strain could result in nanotube buckling and complete compression stress relaxation. The critical compression strain value can be estimated from c = ͑d / l͒ 2 / 2 where d is the nanotube diameter and l is the length of the bent section, which gives c = ϳ 0.0002% for our conditions. 25 We can conclude that the compression stress developed during bending causes buckling on the concave region of bent nanotubes and, thus, compression stress relaxation. This causes the uncompensated tensile stress in the outer radius of curled nanotubes to be dominating. In fact, buckling phenomenon of these curled nanotubes was confirmed by high resolution AFM imaging. 9 Therefore, considering the buckling state of the bent nanotubes, we can associate the lower frequency shift in the G mode observed here as the phenomenon caused by the presence of the high tensile stress in the outer shells of curled nanotube arrays. In fact, it has been suggested that the G mode varies with the length of C -C bond in carbon nanotube walls with a trend of lower frequency shift for the increasing length of these bonds. [20] [21] [22] On the other hand, it has been observed that for carbon nanotubes under hydrostatic pressure, the compression strain results in shortening of C -C bonds and corresponding shift of Raman G peak to higher frequency. 20 In conclusion, we investigated the bent nanotube arrays by combined AFM and Raman mapping and spectroscopy and observed systematic lower frequency shift of the tangential G mode. We suggested that the shift observed can be attributed to tensile strain of the bending nanotube arrays resulting in the loosening of C -C bonds in the outer walls. We speculate that the shift in Raman spectra observed here can be used for the fast monitoring of the bending state of the standing carbon nanotube "forests" in gas and fluid flow nanosensors as well as for detecting stressed carbon nanotubes embedded into recently introduced free-suspended compliant nanomembranes for thermal and acoustic microsensing. 26, 27 This work is supported by NASA through NDE Center Contract No. NAG 102098, AFOSR, F496200210205, and AFOSR-DURIP F49620-03-1-0273 Grants. 
